Abstract Graphene-nanometre-sized cerium oxide-incorporated aluminium was prepared and its electrochemical and surface morphological characteristics were studied. The atomic force micrographs and scanning electron micrographs evaluation highlighted that the graphene and nanometre-sized cerium oxide in aluminium had decreased the surface roughness and improved the surface morphological characteristics. The graphene: nanometresized cerium oxide (ratios 1:2 or 2:1) with lesser amounts of particle in the matrix showed excellent corrosion resistance in the marine environment as evidenced by linear polarization, electrochemical impedance and weight loss studies. Introduction of graphene in the aluminium matrix showed a barrier separation between the outermost layer and inner layer, increased roughness and increased corrosion. The material is found to be a potential candidate for use in marine environment.
Introduction
Free-standing stable two-dimensional graphene synthesis has instigated lots of research on its novel electrical properties (Berger et al. 2004; Geim and Novoselov 2007; Novoselov et al. 2005; Zhang et al. 2005) and its sensitivity to changes in conductance during sensor applications (Schedin et al. 2007; Wehling et al. 2008) . Graphene has exceptional mechanical, thermal and chemical stability and electrical conductivity (Mattevi et al. 2011; Wintterlin and Bocquet 2009 ). Graphene, coated or grown on surfaces will add only negligible thickness on the thermally and electrically conductive layer (Novoselov et al. 2004) . Graphene has unique two-dimensional structures with bands showing linear dispersion around the Fermi level where they touch at a single point. Good conductivity and high stability in ambient conditions make graphene a potential candidate for nanoelectronics (Geim and Novoselov 2007) . The findings described above highlight that interaction of metals with graphene has potential scope for various applications.
The metal substrate and graphene can form either a physisorption interface with charge transfer (Giovannetti et al. 2008; Pletikosić et al. 2009 , Barraza-Lopez et al. 2010 or a chemisorption interface with orbital hybridization (Barraza-Lopez et al. 2010; Bertoni et al. 2005; Eom et al. 2009; Marchini et al. 2007; Sutter et al. 2008; Uchoa et al. 2008; Varykhalov et al. 2008) . A physisorption interface does not form chemical bonding and preserves graphene's intrinsic p-band structure, but a chemisorption interface forms metal carbide bonding and disturbs graphene's electronic structure through a strong hybridization of metal's d-orbital and graphene's p-orbital. Furthermore, chemisorption interfaces, compared to physisorption interfaces, are more likely to form realistic electrode contacts because of their stronger bonding to graphene. It is worthwhile to note that recently Vanin et al. (2010) have applied van der Waals density functional theory to study metal-graphene interfaces and obtained the results of all weakly bonded interfaces which are different from previous density functional theory calculations.
Extensive research has been done in aluminium for developing composites by incorporating carbon nanotubes and other nanomaterials since the product will be lightweight aluminium composites. Literature revealed positive and negative reports regarding these types of composites (Kuzumaki et al. 1998 ) and the main differences were in the dispersion, method of fabrication, interfacial reaction, etc. Bartolucci et al. (2011) prepared graphene aluminium composites and studied the physical properties and predicted that the composite has lower strength and hardness. The authors have not studied the electrochemical aspects of the graphene aluminium. Incorporation of cerium oxide, cerium oxide and titanium oxide mixtures in aluminium have exhibited improved material performance (Ashraf and Shibli 2008; Ashraf and Edwin 2013) . Addition of cerium oxide along with graphene may improve the material performance. In the present study attempts are made to incorporate graphene and nanometre-sized cerium oxide in pure aluminium to evaluate the material performance by electrochemical means.
Materials and methods
Electrolytic-grade pure aluminium (99.80 %) ingots were used for fabrication of metal matrix composites and the concentration of metallic impurities are described elsewhere (Ashraf and Edwin 2013) . The cerium nitrate, cerium oxide (both from CDH, Mumbai) ammonium hydroxide, chemically reduced graphene (Quantum Materials Corporation, India) and sodium chloride from Merck were used for the experiment. Nanometre-sized cerium oxide was prepared by precipitation (Fu et al. 2005 ) using cerium nitrate and ammonium hydroxide. Ammonium hydroxide solution was added to cerium nitrate solution at 80°C (pH 8.00) with constant stirring by a magnetic stirrer. The mixture was kept at that temperature for 2 h. The precipitate was collected by filtration and calcined at 350°C in a muffle furnace in presence of air.
The ingots of pure aluminium were melted at 800 ± 10°C in a muffle furnace. The required amount of nano-sized cerium oxide and graphene were added to the pure aluminium melt and stirred using an SiC rod. The melt was again kept in the muffle furnace for another 15 min at the same temperature and poured into a red brick mould. Further processing of the composite was done as described in our previous papers (Ashraf and Edwin 2013) . Eleven batches of aluminium composites were prepared by incorporating graphene and nanometre-sized cerium oxide in different concentrations as described in Table 1 .
Electrochemical measurements, electrochemical impedance spectroscopy (EIS) and linear sweep voltammetry analyses were carried out using an Autolab PGSTAT 30 plus FRA2 electrochemical analyzer. EIS measurements, EIS data fitting, potentiodynamic measurements and weight loss experiments were carried out as described elsewhere (Ashraf and Edwin 2013) . All analyses were carried out with at least three replicates. The open circuit potential variation of the coupons was measured by exposing in 3.5 % NaCl for 40 days. The potential was recorded every day with reference to Ag/AgCl (3 M KCl) reference electrode at room temperature.
The surface of fresh micro and nanocerium oxide-incorporated aluminium coupons were ground using a series of SiC papers up to 2000 grit followed by etching with 1 % (w/v) NaOH solution and their surface morphology was studied using Hitachi scanning electron microscope (SEM) at 15 keV. The surface topography of the coupons was measured using non-contact mode of Park Systems XE100 Atomic force microscope (AFM). General statistical analysis was carried out using Microsoft Excel software.
Results and discussion
Graphene and nanocerium oxide Surface morphological characteristics of the prepared nano-sized cerium oxide were described in the previous papers (Ashraf and Edwin 2013) . The graphene particles used in the present study was chemically reduced graphene and the same was described in the manuscript throughout as graphene. The materials were evaluated for the surface and size characteristics using AFM and are shown in Fig. 1 . The graphene particle size ranged from 50 to 93 nm and the average diameter was 73 nm. Similarly the nanosized cerium oxide ranged from 40 to 70 nm and the average size was about 47 nm.
Morphological characteristics
SEM images of prepared graphene and nano-sized cerium oxide-incorporated aluminium are shown in Fig. 2 . The wider grain size was exhibited by graphene-alone-incorporated aluminium. The aluminium with mixture of nanometre-sized cerium oxide and graphene exhibited shorter grain sizes compared to graphene alone. Graphene:nanocerium oxide in 2:1 and 1:2 (A8 and A10) ratio exhibited more compact and shorter distance between the grain boundaries. Introduction of nanometre-sized cerium oxide along with graphene in aluminium in different ratios showed substantial improvement in morphological characteristics. Nanoparticle reinforcement will inhibit grain boundary pinning and will lead to finer grain morphologies (Deng et al. 2007 ). Studies of Bartolucci (2011) showed similar results in the case of exclusively graphene-incorporated aluminium and it was explained the phenomenon was due to the formation of aluminium carbide in the grain boundaries. AFM images of pure aluminium, graphene and graphene:nanometre-sized cerium oxide-incorporated aluminium are shown in Fig. 3 . There was significant improvement in the topography of pure aluminium when graphene:nano-sized cerium oxide particles were incorporated into the matrix. Incorporation of graphene alone in the aluminium increased the surface grains compared to nanometre-sized cerium oxide and mixtures of graphene and nanometre-sized cerium oxide. To characterize the surface topography of AFM images, the amplitude parameters were analysed and shown in Fig. 4 . The average roughness (Ra) and root mean square roughness (Rq) were generally used as amplitude parameters. The latter will provide information on the temporal changes in the creation of new surfaces as well as spatial differences (Raposo et al. 2007 ). The roughness coefficient increased significantly when graphene was incorporated into the aluminium and also in the case of graphene:nano-sized cerium oxide 0.02 % each. There was significant (p = 0.009) reduction in the roughness coefficients in the case of A7-A9 where the ratios of graphene and nanometre-sized cerium oxide was either 1:2 or 2:1. The results showed that these two components act synergistically to improve the surface characteristics.
Polarisation studies
The coupons were subjected to the linear sweep voltammetry and the results are shown in Fig. 5 and Table 2 . The substantially lower corrosion potential (E corr ) was exhibited by all the aluminium incorporated with nanometre-sized cerium oxide and graphene compared to pure aluminium. The graphene-only-incorporated aluminium showed the lowest corrosion potential (-0.919 V). The coupons incorporated with mixtures of nanometre-sized cerium oxide and graphene in 1:1 ratio exhibited a steady increase of E corr values with increased concentration of nanomaterial whereas in the case of 2:1 or 1:2 ratio it increased with increased graphene concentration. When the concentration of graphene:nanometre-sized cerium oxide ratio was 1:2, the E corr decreased significantly. Graphene alone incorporated in aluminium was prone to corrosion probably due to the formation of aluminium carbide (Bartolucci et al. 2011) . The lowest corrosion current density (I corr ) was showed by the coupons A7, A8 and A10, highlighting the corrosion resistance of these materials. The I corr was the lowest in the case of A7 and it increased in A8 where graphene concentration was more. When graphene:-nanometre-sized cerium oxide ratio was 1:2, the I corr values behaved irregularly. The polarization resistance (R p ) showed an increase with the concentration of the nanoparticle mixtures. The 1:2 graphene:nanometre-sized cerium oxide-incorporated aluminium showed significantly higher polarization resistance on par with I corr . In the case of 2:1 graphene:nanocerium oxide, the polarisation resistance showed a steady increase with increase of particles in the matrix. Here, the influence of nanometre-sized cerium oxide higher than graphene. The optimum concentration of nanometre-sized cerium oxide and graphene was 0.02:0.04 % since number of particles in the matrix was optimum and lowest I corr and increased R p . The amount of graphene has no significant influence on corrosion resistance but nanometre-sized cerium oxide addition along with graphene showed notable influence on corrosion resistance.
EIS studies
EIS of graphene and nanometre-sized cerium oxide-incorporated aluminium were shown in Fig. 6 . The highfrequency (HF) and low-frequency (LF) domain of Nyquist plots of pure aluminium generally exhibited an overlapped in the end of the HF and beginning of LF domains, showing there was an association of outermost aluminium oxide layer and the internal layer of the aluminium. Introduction of graphene in the matrix showed different Nyquist plot in which there was a clear separation of HF and LF domains. All coupons with graphene exhibited similar trend. This shows a clear barrier separation between the outermost layer and internal layers of the composite. The graphene flakes might exist in the matrix independently and this has resulted in the increased grain size and surface roughness. The significance of this phenomenon is not known. The impedance data were fitted with simple Randle's equivalent circuit model and the results are shown in Table 3 . The exclusive graphene and 0.01 % of each graphene and nanometre-sized cerium oxide-incorporated aluminium showed significantly higher polarization resistance in the high-frequency region than other treatment. This shows the outermost surface layer of the composite was strengthened due to the incorporation of graphene and mixtures of graphene:-nanometre-sized cerium oxide (0.01 % each). These results were correlated with the barrier separation of HF and LF domains. But decreased R p values in the LF domain indicated that the material was unstable in the internal layers and hence prone to corrosion. Graphene:nanometre-sized cerium oxide-incorporated aluminium in 1:1 ratio showed decreased polarization resistance in both HF and LF domains especially in cases with lower amounts of nanoparticles. When the amount of particles in the matrix was increased, the R p values were increased in the LF domain up to the particle concentration of 0.05 % each. Further increase of nanometre-sized cerium oxide and graphene concentration resulted in significant reduction in the polarization resistance in both HF and LF frequency domain. This shows increased amounts of graphene and nanocerium oxide was antagonistic to corrosion resistance behaviour. When nanocerium oxide:graphene was incorporated in 1:2 or 2:1 ratios, the composite showed significant improvement in the polarization resistance at LF domain highlighting that these materials were resistant to corrosion in the marine environment. The results showed that nanometre-sized cerium 
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Appl Nanosci (2016) 6:149-158 155 oxide and graphene must not be in equal amounts in aluminium. The concentration of particles in lower amounts will provide excellent corrosion resistance in both internal and surface layers. Constant phase element also exhibited similar trend as described above. The results were further correlated with the findings in the polarization studies and roughness coefficients in the AFM studies. Further the roughness of the material also plays an important role in the corrosion resistance of the material
Weight loss
Weight loss studies were carried out on coupons of graphene and nanocerium oxide-incorporated aluminium by exposing them in 3.5 % NaCl at room temperature for 40 days (Fig. 7) . The corrosion rate was varied from 9.03 9 10 -5 to 3.38 9 10 -4 mpy. The results showed similar trends as in the case of linear sweep voltammetry, AFM roughness and EIS studies. The lowest corrosion resistance was exhibited by the Fig. 6 Nyquist plots of graphene-incorporated aluminium (A2) and nanometresized cerium oxide and graphene mixtures in different concentrations incorporated aluminium A3-A11. The measurement was done Ag/ AgCl (3 M KCl) as reference, Pt as counter and sample working electrode in 3.5 % NaCl at 25 ± 2°C. a Circle A2, filled circle A3, squareA4, filled squareA5, triangle A6. b Circle A7, filled circle A8, square A9, filled square A10, triangle A11 coupons with 0.02 % nanocerium oxide:0.04 % grapheneincorporated aluminium.
OCP evaluation
OCP of the nanocerium oxide and graphene-incorporated aluminium was evaluated for 40 days by exposing the panels in 3.5 % NaCl and the results are shown in Fig. 8 . The OCP values were comparatively stable in all the cases except in pure aluminium where the standard deviation was comparatively higher. This shows incorporation of nanometre-sized cerium oxide and graphene influenced to stabilize the open circuit potential during long-term exposure in aggressive environments. In the case of 1:1 nanometre-sized cerium oxide:graphene similar trend as in that of electrochemical evaluation was observed. 0.02 % nanometre-sized cerium oxide:0.04 % graphene showed more stable OCP values and it was evident from its lowest standard deviation. Initially all the panels exhibited potential of -0.697 ± 0.011 V and on third day the OCP was further reduced to -0.814 ± 0.023 V. Later the potential of all the coupons were maintained at the potential below the -0.75 V.
Summary
Graphene and nanometre-sized cerium oxide-incorporated aluminium was prepared and tested for its corrosion resistance in marine environment. Incorporation of graphene and nano-sized cerium oxide-aluminium improved the surface morphological characteristics as evidenced by roughness indices, AFM and SEM. EIS and linear polarization studies have exhibited that equal ratios of nanomaterial and increased amounts of particles increased corrosion. The ratios 2:1 or 1:2 of graphene and nanometresized cerium oxide and trace amounts of particles in the matrix exhibited excellent corrosion resistance in marine environment. Introduction of graphene in aluminium showed a barrier separation between the outermost layer and inner layers, roughness and increased corrosion. The optimum amount of nanometre-sized cerium oxide and graphene for maximum corrosion resistance was 0.02 and 0.04 %, respectively. The composite will be a potential candidate for use in marine environment.
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